Zika virus (ZIKV) is a flavivirus that has been highly correlated with the development of neurological disorders and other malformations in newborns and stillborn fetuses after congenital infection. This association is supported by the presence of ZIKV in the fetal brain and amniotic fluid, and findings suggest that infection of the placental barrier is a critical step for fetal ZIKV infection in utero. Therefore, relevant models to investigate the interaction between ZIKV and placental tissues are essential for understanding the pathogenesis of Zika syndrome. In this report, we demonstrate that explant tissue from full-term human placentas sustains a productive ZIKV infection, though the results depend on the strain. Viral infection was found to be associated with pro-inflammatory cytokine expression and apoptosis of the infected tissue, and these findings confirm that placental explants are targets of ZIKV replication. We propose that human placental explants are useful as a model for studying ZIKV infection ex vivo.
Introduction
Zika virus (ZIKV), a member of the family Flaviviridae, is an enveloped, single-strand RNA virus that was the causative agent of major outbreaks in the Americas in 2015 [57, 69] . Its genome has a typical flavivirus architecture and is approximately 11 kb in length. The virus was first isolated from a Rhesus Macaque in 1947 in the Zika forest in Uganda; however, ZIKV infection had been poorly investigated until recently, when numerous infections were reported in more than 60 countries and territories around the world. Major outbreaks have been recorded on the Yap Islands (2007), in French Polynesia (2013), and in Brazil (2015) . The virus is primarily transmitted by Aedes aegypti mosquitoes, and humans are considered to be amplification hosts, though nonhuman primates may be involved in maintenance of the virus in Africa [68] . In addition, the virus is unique in relation to other flaviviruses such as dengue virus (DENV) in that it may be transmitted by alternative routes, including through sexual and maternal-fetal routes [20, 21, 64, 71] .
Most of the cases associated with ZIKV infection are either asymptomatic or present only mild symptoms such as fever, rash, joint pain, and conjunctivitis. Myalgia and headaches have also been reported. In recent outbreaks, 1 3 however, ZIKV infection was highly correlated with neurological manifestations, particularly in developing fetuses after congenital infection [4, 9, 44] . In fact, infection of pregnant women has been associated with miscarriage, fetal abnormalities, microcephaly, and other neurological diseases in newborns [41, 53] . The virus has been isolated from multiple bodily fluids from infected individuals, including serum, urine, saliva, and semen [48] . Importantly, the virus has also been detected in amniotic fluid and in the brains of microcephalic newborns and fetuses in cases of stillbirth [7, 46] , demonstrating that ZIKV crosses the placenta through an unknown mechanism of action.
Recent studies using experimental mouse models have also indicated that the virus might cross the placental barrier, leading to congenital ZIKV transmission. Systemic infection of pregnant mice resulted in abnormal brain development and microcephaly in the offspring, outcomes that were attributed to viral neurotropism [14, 45, 72] . Infection of trophoblasts and endothelial cells in the placentas of ZIKV-infected mice and nonhuman primates have also been reported [1, 45, 54] .
However, most animal models used to study ZIKV infection are deficient in the expression of type I or type I and type II interferon receptors (A129 and AG129, respectively) [2, 45, 59] . Mice that lack components of innate immune responses, including Mavs −/− , Irf3 −/− , Irf3 −/− Irf5 −/− Irf7 −/− , have also shown susceptibility to ZIKV infection [37] . Although these models are useful for evaluating the efficacy of vaccine candidates and therapies, they may not represent the true effects associated with trans-placental transmission of the virus in immunocompetent individuals, or the conditions in the placenta that favor viral multiplication, including possible local inflammation.
A critical unmet need is a model that can be used to quickly, quantitatively, and effectively screen for functionally relevant countermeasures that may protect the fetus from intrauterine transmission of ZIKV. In this report, we demonstrate that placental explants obtained from full-term placental tissue both support and are affected by ZIKV infection. This tissue may be useful as a model for such experimentation, as well as for the development of treatments against ZIKV infections.
Materials and methods

Cell lines and viruses
Vero cells were cultivated in MEM supplemented with 10% fetal bovine serum, 100 units of penicillin per mL, and 100 μg of streptomycin per mL at 37 °C in a humidified atmosphere containing 5% CO 2 . ZIKV-BR (GenBank accession number KU497555; kindly provided by Pedro Vasconcelos, Evandro Chagas Institute, FIOCRUZ, Pará, Brazil) was isolated from a mild case of ZIKV in the state of Paraíba, Brazil, and it was distributed within our local research network project after four passages in C6/36 cells [18] . The DENV-2 strain used was New Guinea C, or NGC (GenBank accession number AF038403). The viruses were propagated and titrated using Vero cells. The viral stock was aliquoted in 100-µL portions and stored at − 80 °C. Titers were determined and titrated using a standard TCID 50 assay.
Infections in human placental explant cultures
Normal human placenta tissues were obtained from fullterm elective cesarean deliveries in cases of non-labor after 38 to 40 weeks of gestation (n = 10) at the Children's and Maternity Hospital of São José do Rio Preto, São Paulo, Brazil, after approval from the local research ethics committee. Placentas were processed within 15 min of delivery. Chorionic villi were dissected into 5-mm sections, and tissues were washed extensively with PBS (1x). Explants were cultured in standard tissue culture plates in DMEM (Cultilab) combined with Ham's F-12 Nutrient Mixture (HAMF-12; Thermo Fisher) and supplemented with 10% FBS (GIBCO), 1% penicillin-streptomycin, and 100 mg of gentamicin per mL. Cultures were maintained at 37 °C in a humidified atmosphere containing 5% CO 2 . Twenty-four hours after plating, samples were infected with 1 × 10 4 TCD 50 of ZIKV-BR or DENV2. The culture was incubated for 4 hours to allow for virus adsorption. The explants were then washed three times with PBS (1X) for complete removal of the inoculum. The explants were then maintained in DMEM/ HAMF-12 with 2% FBS. Culture supernatants from infected and uninfected explants were collected at 0, 3, 6, 12, 24, 72, and 120 hours postinfection (hpi) without the addition of fresh media or washing. Explants were then collected to determine total RNA and were fixed in 4% paraformaldehyde for histology and immunohistochemistry analysis. The culture medium was collected to perform plaque assays and to quantify β-hCG through the use of electrochemiluminescence (Roche Hitachi, Cobas ® e411). Some sample tissues that had been cultured for 24 hours were also treated with neutralizing anti-TNF RII/TNFRSF1B antibody (100 ng/mL, R&D Systems, Minneapolis, MN, USA) or TLR-3 ligand polyinosinic:polycytidylic acid, or poly (I:C) (50 μg/ mL; Sigma-Aldrich) for 24 hours.
Viral quantification
ZIKV RNA was quantified from culture supernatants using a TaqMan-based qRT-PCR assay (GoTaq ® Probe 1-Step RTqPCR System, REF AG120) as described previously [35] . DENV2 RNA was analyzed using a SuperScript III Platinum SYBR Green One Step RT-qPCR Kit (REF 1136-059) and the primers described by Chutinimitkul and colleagues [11] . The primer and probe sequences are described in supplementary Table A1 .
Plaque assay
Vero cells were plated at a density of 5 × 10 5 cells per well in a six-well plate and cultured for 24 hours at 37°C under 5% CO 2 . Serial dilutions of supernatant from explant cultures (24 and 72 hpi) were added to each well for 1 hour of incubation. After the medium was removed, infected monolayers were covered with 1.5% carboxymethylcellulose (CMC)/MEM with 2% FSB at a 1:1 ratio. Plaque foci were detected on day 5 after fixation with 10% formalin solution and staining with 2% crystal violet.
Histological analysis
Infected placental tissue sections and their uninfected controls were fixed in 4% buffered formalin for 24 hours, dehydrated in graded ethanol, and embedded in paraffin for histopathological analysis. The samples were stained with hematoxylin and eosin (H&E) and analyzed using a highpower objective (20×) on an Axioskop 2-Mot Plus Zeiss microscope (Carl Zeiss, Jena, Germany). To quantify nuclear fragmentation, 10 random photos were taken of experiments performed in triplicate, and the amount of karyorrhexis was determined for each photo. The mean plus or minus standard deviation per field is shown.
Immunohistochemistry
ZIKV infection and caspase-3 activation were analyzed in the placental explants using immunohistochemistry. Sections of infected placental tissue and the uninfected controls were collected at 72 and 120 hpi. Some samples were also treated with neutralizing anti-TNFRII/TNFRSF1B antibody (R&D Systems, Minneapolis, MN) and harvested at 72 hpi. Serial 3-μm-thick tissue sections were deparaffinized and rehydrated prior to antigen retrieval in citrate buffer at a pH of 6.0. Endogenous peroxide activity was blocked with 3% hydrogen peroxide for 30 minutes, followed by blocking with 10% bovine serum albumin (BSA; Sigma-Aldrich, Missouri, USA) in Tris-buffered saline (TBS) for 2 hours. The slides were incubated with primary mouse antibody against flavivirus E protein (4G2) at a dilution of 1:100, anti-caspase-3 (Abcam, cat. number ab2302) at 1:200, anticytokeratin 7 (Dako) at 1:250, or anti-vimentin (Dako) at 1:150 in 10% TBS-BSA for 1 hour at 37 °C, all of which were applied in independent trials. After the washing step, sections were incubated with a secondary antibody (HRPconjugated anti-mouse or anti-rabbit antibody; Abcan). Positive staining was detected using 3,3′-diaminobenzidine (DAB substrate; Invitrogen, USA). Finally, sections were counterstained with H&E (hematoxylin from InlabConfiança and eosin from AnalytiCals). A negative reaction control was run in the absence of primary antibodies. Analysis was performed using an Axioskop 2-Mot Plus microscope (Carl Zeiss, Jena, Germany) and AxioVision software for densitometric and quantitative analysis. The experiments were each performed in triplicate using samples from three individual donors, and ten fields were quantified in each section. Densitometric analysis was used to determine caspase-3 and 4G2 intensity in sections of placental tissue (40×) on an arbitrary scale from 0 to 255, and the data were expressed as the mean plus or minus standard deviation [6] .
Cytokine gene relative expression analysis
RNA from virus-infected explants and uninfected controls was extracted using TRIzol according to the manufacturer's instructions (Life Technologies). Likewise, RNA was extracted within 24 hours from uninfected samples treated with 50 μg of poly (I:C) per mL, as well as from the untreated controls. Cytokine gene relative expression analyses were performed using a SuperScript III Platinum SYBR Green One
Step qRT-PCR Kit (Invitrogen; REF 1136-059). The primer sequences for the IL-6, IL-10, IL-1β, TNF-α, IFN-β, IFN-γ, IFN-λ1, and IFN-λ4 cytokines are listed in supplementary Table A2 . A comparative ΔΔCt method was used to quantify gene expression levels based on GAPDH Ct values for normalization.
TUNEL assay
Detection of nuclear DNA fragmentation as a morphological marker of the apoptosis process in histological sections was performed using a TUNEL assay. The assay was performed using an In Situ Cell Death Detection Kit (TMR red). After 3 days of infection, 3-mm infected tissue sections and uninfected controls were deparaffinized, hydrated, and rinsed with 0.1 M phosphate buffer (pH 7.4), followed by blocking with 3% BSA and 20% FBS. TUNEL reaction mixture (TdT enzyme fluorescein-labeled nucleotide mix) was added, and the sections were incubated for 60 minutes at 37 °C. For the positive reaction control, the sections were treated with 3U of DNase I per mL for 10 minutes at room temperature. Quantitative analysis was performed using Image-Pro ® Plus image analysis software, and fluorescent images of TUNELpositive cells were captured using an Olympus BX53 microscope system at 40× in red channel detection in the range of 570 to 620 nm. Tests were performed in duplicate, and images of three random fields were acquired from each slide to calculate the mean plus or minus standard deviation.
Data analysis
Data were analyzed using GraphPad Prism software (version 6; GraphPad, CA). Results are expressed as the mean plus or minus standard deviation. Data were analyzed using one-way ANOVA followed by the non-parametric KruskalWallis test (unpaired data) or the Bonferroni correction. Data from a minimum of three independent experiments are presented. Significance was established as p < 0.05.
Results and discussion
Placental explants support ZIKV infection
Our goal was to determine whether explants of human placental tissue are a useful model for studying ZIKV infection ex vivo. To that end, normal full-term placental tissues were obtained following cesarean section. Chorionic villi were dissected, and the explants (5 mm) were infected with ZIKV-BR or dengue virus 2 (DENV2) for comparison. Immunostaining of the tissues at 72 hpi with the anti-flavivirus antibody 4G2 demonstrated that the tissues were infected by both viruses (Fig. 1a-d) . To confirm that placental explants would support a progressive ZIKV infection, culture supernatants from these infected explants were obtained at 0, 3, 6, 12, 24, 72, and 120 hpi, and virus RNA levels were analyzed using RT-qPCR (Fig. 1e) . We observed a progressive increase in the ZIKV RNA load as early as 12 hpi, with a peak at 72 hpi. DENV 2 RNA was also detected in placental supernatants until 24 hpi, but RNA levels did not increase at the subsequent time points. Culture supernatants from infected tissues collected at 0 hpi exhibited a viral load of < 10 1 , and this value was subtracted from those obtained at subsequent time points. Uninfected tissues exhibited no viral load when measured using RT-qPCR.
The release of infectious virus particles at different time points after infection was also evaluated using plaque assay. Accordingly, we observed increased levels of ZIKV plaqueforming units (PFU) in the supernatants of explanted tissues, whereas DENV2 PFU levels decreased at later time points (Fig. 1f) .
H&E staining and histological analysis demonstrated that placental tissues infected with ZIKV-BR showed signs of cellular injury, in contrast to uninfected tissues ( Fig. 2a-c ; additional images can be found in Figure A3 of the Supplementary Information). The presence of trophoblasts in these sections was confirmed by the high expression of the cytokeratin-7 epithelial cell marker (Fig. 2d-f) , as well as by the absence of vimentin expression (mesenchymal cell marker) (Fig. 2g-i) . In addition, the quantification of nuclear fragmentation revealed a larger amount of karyorrhexis in ZIKV-BR infection than in uninfected and DENV-infected tissues, a finding that suggests that viral replication may indeed be associated with tissue damage (Fig. 2j) .
Other studies have demonstrated that placental explant cultures secrete hCG during the process of explant reepithelization [31, 34, 47, 67] . We evaluated whether ZIKV infection would affect the secretion of b-hCG, a marker of syncytiotrophoblast (SCT) renewal and viability (Fig. 2d-i, k) [32] . ZIKV-infected tissues exhibited lower b-hCG secretion in the culture than the uninfected control (Fig. 2k) , a result that suggests lower SCT recovery upon ZIKV infection. Meanwhile, DENV-infected tissues exhibited lower b-hCG secretion after 48 h, thus reducing SCT viability. However, SCTs were found to increase secretion of b-hCG 72 h after infection, suggesting improved SCT recovery. These findings are in accordance with previous studies on experimental mouse models, the results of which have demonstrated the infection of fetal and maternal placental tissues [45] . These and other experimental models have also shown that ZIKV infects various primary human placental cell types and chorionic villus explants, and the data are suggestive of infection occurring via placental and paraplacental virus transmission routes [56, 63] . Previous studies have reported that both cytotrophoblasts (CTBs) and SCTs from chorionic villi exhibit E protein expression upon ZIKV infection; however, only CTBs expressed the nonstructural protein NS3 [63] . In addition, it has been proposed that trophoblasts are resistant to ZIKV replication, based on a study showing that different trophoblast-derived cell lines were permissive to ZIKV, while human primary trophoblasts exhibited low viral RNA levels when compared to other cell types [3] . On the other hand, both macrophages and CTBs obtained from the same tissues were found to be susceptible to ZIKV [56] .
An experimental model involving pregnant rhesus monkeys revealed prolonged viremia compared to non-pregnant animals, and the use of this system has provided important data on ZIKV infection in the first and third trimesters. These data show that placentas from late-stage pregnancies are still vulnerable to ZIKV. Therefore, models of infection in full-term explants can be used to recapitulate the second half of pregnancy. Furthermore, full-term explants have the advantage of being easy to obtain after delivery [13, 54] .
Our data clearly demonstrate that full-term human placenta explants are permissive to ZIKV and DENV2 infections, which are associated with cell injury. Discrepancies between different studies may be attributed to the time at which the explant was obtained and to the specific ZIKV strain used. It is important to note that immunohistochemical staining and progressive RNA release from cultures indicate that this model can be used to study the dynamics of infection and of host-virus interaction.
ZIKV infection induces cytokine expression in placental explants
Placental damage and dysfunction caused by viral infection may be a consequence of the viral cytopathic effect or hostmediated pathology [28] . Such conditions alter placental development, restrict fetal growth [42] , and may result in neuroinflammation [66] . To determine whether antiviral or inflammatory responses to infection are related to placental dysfunction, we evaluated the expression of interferons (IFNs) and pro-inflammatory cytokines in ZIKV-infected placenta explants.
ZIKV infections in other experimental models have been associated with increased expression of innate immune sensors and interferon-stimulated genes [27] . Also, studies have found purified primary human trophoblasts and trophoblast-derived cell lines to be resistant to ZIKV infection due to the production of type III IFNs (IFN-λ1 and -λ2) 4 TCID 50 . After 72 hpi, immunohistochemistry staining was performed using the anti-flavivirus 4G2 antibody. Black insets show the details of immunohistochemistry staining. Quantification of 4G2 staining using densitometry in arbitrary units (a.u.) was performed using an Axioskop 2-Mot Plus Microscope (Carl Zeiss, Jena, Germany). The AxioVision software was used for qualitative analysis. Densitometry analysis of the reaction-negative control and of the uninfected samples consistently produced negative results. The data were analyzed using one-way ANOVA followed by the Kruskal-Wallis test; ***, p < 0.001 (d). Full-term placental explants were left uninfected (controls) or were infected with ZIKV-BR or DENV2 viruses (1 × 10 4 TCID 50 ), and the supernatants were harvested at the time points indicated. RNA extraction and qRT-PCR were performed using specific ZIKV and DENV primers as described in Materials and methods (e). The titers of infectious particles in the supernatants were evaluated by plaque assay in Vero cells (f). All of the data were obtained from experiments performed in triplicate and are represented as the mean +/− standard deviation. Scale bar: 10 μm [3] . Our experimental model supports ZIKV replication, so we investigated whether and how the relative expression of type I (IFN-β), type II (IFN-γ), and type III (IFN-λ1 and λ4) IFNs would take place in infected placental explants. As a positive control of IFN expression, we cultured explants with poly(I:C) and observed an increase in IFN-β, IFN-λ1, IFN-λ4 and IFN-γ expression at 24 hpi relative to untreated cultures (Fig. 3a) . Notably, IFN-λ4 and IFN-γ reached higher levels of expression than IFN-β and IFN-λ1. Placental explants were also infected with ZIKV or DENV or left uninfected, and IFN expression was evaluated at 24 and 72 hpi. ZIKV and DENV infections induced a mild increase in IFN-λ1 and IFN-λ4 expression at 24 hpi; the exception was IFN-λ4 in the case of DENV infection, which did not g-i) . The graph represents the mean +/− standard deviation of the number of cells per field, with karyorrhexis detected in ten random photos taken from experiments performed in triplicate in the H&E analysis (j). The data were analyzed using one-way ANOVA followed by the Bonferroni correction; ***, p < 0.001. β-hCG was quantified to determine SCT viability (k). Scale bar: 10 μm increase (Fig. 3b) . At 72 hpi, IFN-λ1 and IFN-λ4 expression in infected explants increased as much as tenfold in the cases of both viral infections. Type III IFNs include IFN-λ1, λ2/ λ3, and λ4, all of which seem to induce a similar antiviral response pattern mediated by IFNLR1/IL-10R2 engagement and activation of the JAK-STAT signaling pathway, thus leading to ISG expression [29, 33, 43] . Several studies based on different infectious models have demonstrated that IFN-λ1 and IFN-λ2/λ3 are similarly regulated by IRF-3 and IRF-7 activation. These results strongly suggest that type I and III IFN genes are regulated by a common mechanism. [38] .
Despite the differential activation of IFN-λ1 and IFN-λ2, detailed analyses are needed to elucidate the mechanism of this activation. Influenza A virus induces the expression of IFN-λ1 (but not IFN-λ2), although Sendai virus has been found to induce production of high levels of IFN-λ1 and IFN-λ2 [50] .
In the infection of both trophoblast cell lines and primary human trophoblasts with ZIKV, the secretion of IFN-λ1 and IFN-λ2 was constitutive. This result demonstrates the important role of interferon-type-III-mediated protection from ZIKV infections at the maternal-fetal interface [3, 12] .
IFN-λ4 was discovered more recently, and there is evidence that its expression is regulated by a transduction signaling pathway similar to those regulating other type III IFNs [38, 52] . Our data demonstrated that type III IFNs were produced in the placental explant model and increased over the time points evaluated, and this is consistent with previous data obtained from the use of other placental culture models [3, 12] . The activation of the type III IFN-inducing pathway was further demonstrated by the increased levels of IFN-λ4 mRNA, the expression of which seems not to have been evaluated for ZIKV infection prior to this study. Any discrepancies between our results and those in the literature could be attributed to factors such as the use of different ZIKV strains and the use of a placental explant rather than a single epithelial cell type from the placenta.
ZIKV and DENV2 also induced mild increases in IFNβ expression at 24 hpi, and there was a subsequent significant increase in IFNβ expression at 72 hpi only in the ZIKVinfected explants (Fig. 3c) . Interestingly, our results on IFN-γ expression showed a similar pattern, in which only ZIKV infection caused an increase in IFN expression at 72 hpi (Fig. 3d) . IFN-γ may induce apoptosis of human primary trophoblasts, mediate proliferation and migration of extravillous cytotrophoblasts (EVCT), and, when in excess, be harmful to pregnancy and to fetal growth [36, 65, 70] . ZIKV NS5 has been found to destabilize STAT2 and suppress the signaling mediated by type I and type III IFN [5, 10, 56] . Therefore, increased levels of IFNs produced to restrict ZIKV infection may be counteracted by the virus while also inducing inflammation and other host responses that could have deleterious effects on pregnancy.
To investigate other aspects of the immune response to ZIKV in placental explants, we assessed the relative expression of IL-1β, IL-6, IL-10, and TNF-α in ZIKV-infected tissues (Fig. 4) . Tissues were either stimulated with poly(I:C) or infected with ZIKV or DENV. All groups exhibited increased expression of all of the cytokines evaluated (IL-1β, IL-10, IL-6, and TNF-α) upon infection/stimulation relative to uninfected controls. At 1 day postinfection (dpi), ZIKVinfected explants exhibited significantly higher expression of IL-1β, IL-6, and TNF-α in comparison to DENV2-infected explants (Fig. 4a, b, and d) . The expression of pro-inflammatory cytokines such as IL-1β, IL-6, and TNF-α alters the intra-amniotic milieu and is a marker of fetal inflammatory response syndromes. Increased Th1 cytokines have been associated with spontaneous preterm labor and with disruption of fetal tolerance [17, 22, 58] . IL-1β has also been associated with the expression of metalloproteinases and CTB invasion during pregnancy [40, 55] . In vitro treatment with IL-1RA impaired trophoblast fusion, viability, and hCG secretion, indicating that IL-1B plays an important role in placental dysfunction and adverse pregnancy outcomes [15, 24] . TNF-α expression during pregnancy is associated with detrimental effects, including gestational hypertension and gestational diabetes mellitus [26, 30, 62] . TNF-α may act directly upon early-term placentas and cause placental pathology, fetal hypoxia, and neurodevelopmental defects in the fetal brain [8] . Also, TNF-α disturbs trophoblast function, leading to decreased cell fusion and reduced expression of hCG [39, 51] . TNFα may also be associated with cell death, as described in other models [23] . IL-10, on the other hand, is typically anti-inflammatory, which often results in tissue protection and is involved in fetal tolerance [19, 60, 61] . ZIKV infection induced the expression of significant levels of pro-inflammatory cytokines, but not of IL-10. This combination could result in pathology and may account for some of the deleterious effects of ZIKV infection during pregnancy.
DENV2 was not able to induce the expression of proinflammatory cytokines to the same levels as ZIKV, a difference that may be associated with lower replication efficiency and consequent lower stimulation of the immune system.
ZIKV-infected placental explants undergo apoptosis
To investigate whether ZIKV-induced replication, inflammation, and injury would result in cell death, we performed TUNEL assays 3 days after ZIKV infection to determine whether the explanted tissue underwent apoptosis (Fig. 5) . DNase treatment was used as a positive control (Fig. 5a ), while untreated, uninfected explants were used as negative control (Fig. 5b) . ZIKV-BR-infected samples demonstrated prominent TUNEL staining, which appeared to be quantitatively comparable to the positive control sample (Fig. 5c) . DENV infection resulted in lower TUNEL staining (Fig. 5d) , which corroborates previous H&E data indicating that DENV2 causes less placental damage in this model. Apoptosis was further confirmed by immunohistochemistry with cleaved caspase-3 antibodies. ZIKV-BR and DENV2 exhibited increased cleaved caspase 3 staining relative to the uninfected control, which is indicative of apoptotic cell death (Fig. 6a-f ). Cleaved caspase 3 expression was higher in ZIKV-infected cultures than in DENV-infected cultures (Fig. 6h) . Immunostaining was performed, and the stain was found to cover the Fig. 4 Cytokine relative expression profiles in placental tissue explants. ZIKV-BR-and DENV2-infected explants were analyzed for cytokine gene expression using RT-qPCR. Uninfected explants (UI) and poly(I:C)-stimulated tissues were analyzed as negative and positive controls, respectively. Unstimulated poly(I:C) and uninfected tissues were used to compare the fold increase. Total RNA was extracted from the explants on days 1 and 3 postinfection. The RNA levels for IL-1β (a), IL-6 (b), IL-10 (c), and TNF-α (d) were quantified using gene-specific primers. The analysis was performed using samples obtained in triplicate. Data are represented as the mean +/− standard deviation. One-way ANOVA was performed, followed by Bonferroni correction. *, p < 0.05; **, p < 0.01; and ***, p < 0.001 were considered significant chorionic villi. This result suggests that SCTs may be susceptible to apoptosis via active caspase-3 in ZIKV infections. SCTs cover chorionic villi and play a key role in the innate immune response and recruitment of NK cells [25] . Accordingly, previous studies that have investigated ZIKV tropism in several placental cell types have found ZIKV replication to be associated with abnormal tissue architecture, which could lead to the rupture of the placental barrier [16] .
Cleaved-caspase-mediated apoptosis may result from an enhanced inflammatory response, such as the response involved in the TNF-α-TNFR signaling pathway. Because we detected increased expression of TNF-α in placental explants infected with ZIKV, we decided to investigate whether the observed apoptosis could be mediated by this cytokine. ZIKV-infected explants were treated with anti-TNF RII/TNFRSF1B neutralizing antibody, and cleaved caspase-3 activation was evaluated using IHC. Indeed, the anti-TNFR treatment significantly reduced cleaved caspase-3 staining, indicating that TNF-α-mediated apoptosis plays a significant role in tissue damage (Fig. 6d-f) . TNFR neutralization also reduced cleaved caspase-3 staining in DENV-infected cultures, suggesting that both viruses are able to induce apoptosis, although lesion extension was found to be more severe when the tissues were infected with ZIKV. Some cell death was still observed after anti-TNFR treatment, suggesting that other mechanisms may also be involved in ZIKV-induced tissue damage. Previous studies have demonstrated that ZIKV infection in human neural progenitors (hNPCs) promotes increased caspase-3 expression, even in the presence of low levels of viral antigens [23] . These findings suggest that this pathway may be induced by ZIKV in different cell types and may be a relevant mechanism associated with congenital abnormalities.
We conclude that our placental tissue explant model is a valuable tool for the study of ZIKV interaction with the human placenta. We observed that placental explants are permissive to and support ZIKV and DENV2 infections for up to 120 hours. Because ZIKV is pathogenic to the human placenta, infected placental explants are amenable to different types of analysis and may therefore serve as a model in future research. Importantly, this model reinforces some critical observations made regarding ZIKV infection in other model systems and in patients [45, 49] . Due to its use of human placentas, this model provides crucial information to be applied to the clinical management of ZIKV infection, as well as to the development of preventive or therapeutic strategies against the deleterious effects of ZIKV on human embryos. ysis of cleaved caspase-3, which was performed using an Axioskop 2-Mot Plus Microscope (Carl Zeiss, Jena, Germany). AxioVision software was used for the qualitative analysis. One-Way ANOVA was performed to compare untreated groups (controls) to infected groups (*, p < 0.01; ***, p < 0.001). Two-way ANOVA was performed to compare treated groups to untreated groups with anti-TNF-α antibody ( ### , p < 0.001). Scale bar: 10 μm
